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Abstract 
The passage of an electric current through graphite or few-layer graphene can result in a striking 
structural transformation, but there is disagreement about the precise nature of this process. 
Some workers have interpreted the phenomenon in terms of the sublimation and edge 
reconstruction of essentially flat graphitic structures. An alternative explanation is that the 
transformation actually involves a change from a flat to a three-dimensional structure. Here we 
describe detailed studies of carbon produced by the passage of a current through graphite which 
provide strong evidence that the transformed carbon is indeed three-dimensional. The evidence 
comes primarily from images obtained in the scanning transmission electron microscope using 
the technique of high-angle annular dark-field imaging, and from a detailed analysis of electron 
energy loss spectra. We discuss the possible mechanism of  the transformation, and consider 
SRWHQWLDODSSOLFDWLRQVRI³WKUHH-GLPHQVLRQDOELOD\HUJUDSKHQH´ 
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1. Introduction 
Over the past five years or so a number of groups have demonstrated that the passage of an 
electric current through graphite or few-layer graphene can produce a dramatic structural 
transformation [1-8]. This involves the formation of a carbon material with a highly irregular 
edge morphology, with many re-entrant structures and unusually-shaped features. Among the 
novel structures observed in the transformed carbon are nanotubes seamlessly joined to larger 
graphene regions. Some groups have suggested that the transformation occurs as a result of 
sublimation and edge reconstruction of flat graphene [1,2,6-8]. However, there are reasons to 
believe that the process actually involves a change from a flat to a three-dimensional structure 
[3-5]. In this paper, detailed studies of carbon nanostructures produced by the passage of a 
current through graphite are described. As well as conventional high resolution transmission 
electron microscopy (HRTEM), the techniques of high-angle annular dark-field (HAADF) and 
electron energy loss spectroscopy (EELS) in the scanning transmission electron microscope 
(STEM) are used to gain insights into the three-dimensional structure of the material. Tilting 
experiments, including full tomographic reconstructions, provide strong evidence for three-
dimensionality, and this is confirmed by detailed analyses of EELS results. We discuss possible 
mechanisms for the transformation of flat graphite into three-dimension structures, and suggest 
that the key to understanding this may lie in the edge terminations of graphene planes. We also 
consider possible applications for the new carbon, the most important of which may be in the 
area of supercapacitors.  
2. Methods 
In order to pass a current through small samples of graphite, we used a commercial arc-
evaporator, which is normally used for carbon-coating specimens for electron microscopy. In this 
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unit the electrodes are graphite rods, one of which is thinned to a diameter of approximately 1.4 
mm at the point of contact. Following evaporation, the thinned carbon rod was found to have 
slightly shortened, and a small deposit was formed in the area where the two rods made contact 
(see Supplementary Data for more details). This was collected and examined by TEM. Material 
collected from the fresh graphite rods was also imaged by TEM for comparison. Conventional 
TEM imaging was carried out using a JEOL 2010 microscope, with a point resolution of 0.19 
nm, operated at an accelerating voltage of 200kV. Care was taken not to expose the carbon to an 
intense electron beam, to avoid irradiation damage. 
We used the technique of HAADF-STEM imaging to establish the three-dimensionality 
of the bilayer graphene structures. Both tilt sequences and individual images have been analysed. 
Tilt series were first recorded using an aberration corrected FEI Titan G2 (S)TEM operating in 
HAADF-STEM mode at 80kV using a Fischione 2020 single tilt tomography holder. The tilt 
sequences were acquired using Xplore3D acquisition software at regular angular increments of 
2° in all cases. 5HFRQVWUXFWLRQVZHUHSHUIRUPHGXVLQJ)(,¶V,QVSHFW'VRIWZDUHZLWKWKH6,57
algorithm using 20 iterations. Orthoslices and the isosurface visualisation were extracted using 
ImageJ. 
Higher resolution HAADF-STEM images were recorded on an aberration corrected Nion 
UltraSTEM100 dedicated scanning transmission electron microscope operated at 60 kV and with 
a source energy spread of 0.3 eV [9,10]. When using a convergence semi-angle of 30.6 mrad, 
this resulted in an electron probe size of 0.11 nm (full-width at half-maximum). Electron energy 
loss spectra were also collected. The EEL spectrometer collection semi-angle was 39.2 mrad. 
7KHUHODWLYHʌSHDNLQWHQVLW\ZDVH[WUDFWHGXVLQJD*DXssian fitting procedure followed by 
normalisation to the integrated edge intensity over a 20 eV window (from the edge onset), as 
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GHVFULEHGLQUHIHUHQFH7KLVZDVGRQHIRUHYHU\SL[HOLQ'VSHFWUDOLPDJHV5HODWLYHʌ
intensity 'line scans' were then extracted from the spectral images as line profiles. All this was 
FDUULHGRXWXVLQJ*DWDQ¶V'LJLWDO0LFURJUDSK'0VRIWZDUH7KH&-K edges were de-noised 
using principle component analysis implemented in the MSA plug-in for DM [12]. 
 
3. Results 
A typical image of material from the fresh graphite rod is shown in Fig. 1(a). As expected, this 
consisted mainly of flat crystallites, ranging from a few 100 nm to about 5 µm in size, containing 
up to 100 layers. The crystallites were often folded and buckled, and were covered with small 
amounts of finely-divided material. No nanotubes or other fullerene-related structures were seen 
in the fresh graphite. The carbon collected from the graphite rods following arcing contained 
VRPH³QRUPDO´JUDSKLWHEXWWKLVZDVDFFRPSanied by many regions which had a very different 
morphological appearance. A typical transformed area is shown in Fig. 1(b).  As can be seen, the 
outline of the structure in this area of the material is more irregular than in the fresh graphite, 
with many curved and unusually-shaped features. The carbon is frequently found to be decorated 
with short nanotubes or nanoparticles, and in some cases, nanotube-like structures are seamlessly 
connected to the larger regions. In some areas, the transformed material had a much more regular 
appearance, as in Fig. 1(c). Here there is clearly some alignment between the edges of different 
regions of the carbon, and also with the nanotubes which are attached to the larger structures. 
High resolution images of the transformed carbon showed double edge contrast, as shown in Fig. 
2. There are two possible interpretations of this contrast, firstly that the sample consists of flat,  
4-layer graphene, and secondly that it is made up of hollow, three-dimensional structures with 
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bilayer walls. We believe that the latter explanation is the correct one, even though energetics 
would seem to favour a flat structure. 
Figure 3 shows a tilt sequence recorded using the FEI Titan microscope in HAADF-
STEM mode. Recording these sequences proved to be challenging for a number of reasons. Even 
though a relatively low accelerating YROWDJHZDVXVHGDQGWKHPLFURVFRSH¶VYDFXXPZDV
extremely clean, some beam damage and contamination was evident after prolonged imaging. In 
addition, the highly irregular morphology of the samples caused problems, because the region of 
interest often became obscured by adjacent structures during tilting. Despite these difficulties, we 
were able to record a number of tilt sequences. Figure 3 shows a region tilted through an angle of 
110°. The two structures labelled with arrows in the -30° image can be viewed throughout almost 
the whole sequence, and the ways in which their projected shapes change with tilt indicate that 
they are three-dimensional rather than flat. A video of this sequence can be seen in 
Supplementary Data. A further tilt sequence of a structure in the transformed carbon is shown in 
Fig. 4(a), with orthogonal slices through the reconstruction of the  structure shown in Fig. 4(b). 
Figure 4(c) is a lower magnification image at 0° tilt. The orthogonal slices in Fig. 4(b) show 
three dimensionality throughout. A video showing the isosurface visualisation of  this structure is 
available in Supplementary Data. For comparison, a tilt series of a flat graphene structure, 
together with orthogonal slices through the reconstruction and a lower magnification image at 0° 
tilt, is shown in Fig. 5. The reconstruction of this data was performed on the same angular range 
as in Fig. 4(a) (-50° to +46°), excluding images acquired out of this range. The orthogonal slice 
labelled YZ (Fig 5(b)), where Z is the direction down the optic axis, shows a clear distinction 
from that of the apparently three-dimensional structure (Fig 4(b)). 
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We now discuss results from the Nion UltraSTEM100 instrument. We used this 
microscope to record a combination of HAADF-STEM images and EELS spectra. Figure 6(a) 
shows a HAADF-STEM image of a nanotube-like structure joined to a larger bilayer region. We 
determined the degree of curvature at the edge of the structure in Fig. 6(a) by estimating local 
changes in intensity of a specific feature of the carbon K ionization edge in the EELS spectrum, 
the so-FDOOHGʌSHDNDVKDUSDQGLQWHQVHIHDWXUHDWDQHQHUJ\ORVVRIH9FRUUHVSRQGLQJWRʌ
states delocalised across the graphene sheets). In the simple case of a planar anisotropic layered 
FDUERQPDWHULDOHJJUDSKLWHWKHUHODWLYHLQWHQVLW\RIWKHʌSHDNFRPSDUHGWRWKHRYHUDOO
integrated carbon K-edge intensity will increase as the spectral contribution of electrons that 
have experienced momentum transfer parallel to the crystallographic c axis increases (see e.g. 
Ref. 13). For the present bilayer material and experimental configuration (where, owing to the 
relatively large EELS collection angle, we predominantly record transitions to empty electron 
states oriented perpendicular to the electron beam direction)  this translates into a significantly 
KLJKHUUHODWLYHʌSHDNLQWHQVLW\ZKHQWKHHOHFWURQSUREHLVLQFLGHQWRQDQHGJHZKHUHWKH
graphitic planes are visibly aligned along the beam direction) than when the probe is located 
anywhere further into the structure (Fig. 6(b)). Away from the edge the EELS signal is 
dominated by electrons that have undergone momentum transfer parallel to the graphene layers 
DQGLQDQDORJ\WRWKHFDVHRIJUDSKLWH>@WKHUHVXOWLQJVSHFWUXPLVWKHUHIRUHUHIHUUHGWRDVµLQ-
SODQH¶LQ)LJE$JUDGXDOLQFUHDVHLQUHODWLYHʌSHDNLQWHQVLW\ZRXOGWKHUHIRUHLQGLFDWHD
gradual change in average orientation, which could in turn be interpreted in terms of structural 
FXUYDWXUH)LJXUHFVKRZVDJUDSKRIWKHLQWHQVLW\RIWKHʌSHDNQRUPDOLVHGWRWKHLQWHJUDWHG
edge intensity over a 20 eV window)  as the probe is scanned over the region of the larger 
structure indicated in Fig. 6(a) and clearly shows this behaviour. The two graphene layers 
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defining the edge of the structure are clearly resolved in the HAADF profile (Fig. 6(c)) and, 
FRPSDULQJWKHLUSRVLWLRQWRWKHJUDGXDOFKDQJHLQUHODWLYHʌSHDNLQWHQVLW\DVWKHSUREH
approaches the edge, this strongly suggests a gradual curvature, consistent with a three-
dimensional rather than a flat structure. In a flat structure with reconstructed or curled up edges 
RQHPLJKWH[SHFWDPXFKPRUHDEUXSWFKDQJHLQWKHUHODWLYHʌSHDNLQWHnsity than that seen in 
Fig. 6(c).       
We were also able to carry out HAADF and EELS analysis of regions throughout a tilt 
series, although the range of angles available was less than in the FEI Titan. Figure 7(a) shows a 
series of HAADF-STEM images of a distorted tube-like bilayer structure connected to a larger 
region tilted in 5 increments in a range of ±17.2° about the axis indicated on the image 
corresponding to a 0° rotation.  Throughout the entire range of tilts both carbon layers are 
resolved at tKHHGJHZKLOVWWKHJHQHUDOµWXEH¶VKDSHDQGUHODWLYHSURMHFWHGSRVLWLRQVRIDWWDFKHG
distorted carbon change gradually.  This clearly indicates a three-dimensional rather than a flat 
VWUXFWXUH)XUWKHUPRUH)LJEVKRZVKRZWKHGLDPHWHURIWKHµWXEH¶as measured from the 
region indicated in (c) and (d)) decreases visibly when tilting from -17.2° (c) to +17.2° (d). This 
LQGLFDWHVDQHOOLSWLFDOUDWKHUWKDQSXUHO\FLUFXODUµWXEH¶FURVVVHFWLRQ7KH&-K edge was recorded 
from the extended region of the larJHUHQGRIWKHµWXEH¶LQGLFDWHGIRULQ)LJD)URPWKH
SORWLQ)LJHLWLVDJDLQTXLWHFOHDUWKDWWKHUHODWLYHʌSHDNLQWHQVLW\FKDQJHVPXFKPRUH
gradually than what might be expected in a flat material with abruptly curled up or reconstructed 
HGJHV9DULDWLRQLQWKHUHODWLYHʌSHDNLQWHQVLW\DWWKHH[WUHPHHGJHLQ)LJHLVPDLQO\
DWWULEXWHGWRVSHFWUDOQRLVHLQFUHDVLQJDVWKHHOHFWURQSUREHLVµIDOOLQJRII¶WKHVWUXFWXUH
,QWHUHVWLQJO\WKHUHDUHEDUHO\DQ\VLJQLILFDQWFKDQJHVLQWKHʌSeak intensity within the central 
region of the measured area. This might be consistent with the elliptical cross section inferred 
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IURP)LJE$SHUIHFWO\FLUFXODUFURVVVHFWLRQZRXOGOLNHO\VKRZDGLVWLQFWHIIHFWRQWKHʌ
peak intensity throughout the VDPSOH7KXVLIWDNLQJWKHRYHUDOOSURMHFWHGVKDSHRIWKHµWXEH¶LQWR
FRQVLGHUDWLRQLWVVWUXFWXUHPLJKWEHGHVFULEHGDVDELOD\HUµIXQQHO¶FRQQHFWHGWRDGLVWRUWHGEHQW
µWXEH¶ERWKZLWKDQHOOLSWLFDOFURVVVHFWLRQ 
 
 
4. Discussion 
Rather similar structures to those described in the present paper have been reported in studies by 
Jia and co-workers [1,8], by Huang et al. [2,6] and by Barreiro and colleagues [7], although in 
these experiments the transformations were observed using small graphene crystals inside a 
TEM. In each case, the authors of these papers concluded that the changes they observed 
involved sublimation and edge reconstruction of flat graphene rather than a transformation from 
two-dimensional to three-dimensional structures. The results presented in the present paper point 
to a different conclusion: that the structures formed are three-dimensional rather than flat, and 
that the transformation primarily involves a restructuring of the graphite rather than sublimation. 
The mechanism of the restructuring is not entirely clear, but the key to understanding the 
process may lie in the edge structure of graphite. It is well established that graphite planes often 
KDYHµµFORVHG¶¶HGJHVVRWKDWWKHOD\HUVUHVHPEOHIROGHGVKHHWV>-17], as illustrated 
schematically in Fig. 8(a). The restructuring which occurs on passage of a current may simply 
LQYROYHDQµµRSHQLQJ¶¶RIWKHOD\HUVDVVKRZQLQ)LJE,QDQDWWHPSWWRILQGHYLGHQFHIRUWKLV
mechanism, we searched for fragments of graphite which displayed the early stages of the 
process, and which were oriented with the graphite sheets parallel to the beam. One of these 
regions is shown in Fig. 8(c). This clearly shows the opening of bilayer structures at the edges of 
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the sheets. Such structures were not found in the fresh graphite. We do not rule out the 
possibility that sublimation/condensation may play some role in the structural transformation, but 
suggest that it is probably not the major factor. We note that recent in situ Joule heating 
experiments have shown that carbon sublimation can result in the formation of certain line 
defects in graphene [18]. 
It seems evident that the structures seen in the transformed carbon contain pentagonal and 
other non-six-membered rings, and that these are responsible for the observed faceting and re-
entrant features. One could speculate, therefore, that the opening process might be initiated at 
pentagonal rings which are believed to occur where zig-zag and armchair edges meet, as shown 
in Fig. 9 [19].  
Another interesting question is why the transformed carbon structures are almost 
exclusively bilayer rather than monolayer. Most of the other studies of Joule heating of graphite 
have resulted in the formation of largely monolayer structures [1,2,6]. The reason for the 
differences between the present work and some of these other studies may lie in the nature of the 
starting materials. In our work, the starting material is a commercial synthetic graphite. In the 
work by Jia  et al. the starting materials were graphitic nanoribbons produced by chemical vapor 
deposition [1], while Huang et al. used thinned HOPG (highly orientated pyrolytic graphite) 
[2,6]. It may be that in these forms of graphite the folding involves single layers rather than 
bilayers as in Fig. 8(a).  
Clearly there is still much to learn about the transformation in graphite structure which 
can be induced by passage of an electric current. The results presented here suggest that the 
transformation involves an opening of graphite layers, which creates a 3-dimensional structure. 
However, it remains unclear why the passage of an electric current should have such an effect. 
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More work on this phenomenon would be very useful. As well as helping to understand the 
processes described in the present paper, this might also lead to a better understanding of other  
processes such as the arc-synthesis of carbon nanotubes and the degradation behaviour of 
graphite electrodes. 
Finally, it is interesting to discuss possible applications for the new carbon described 
KHUHZKLFKFRXOGEHGHVFULEHGDV³WKUHH-GLPHQVLRQDOELOD\HUJUDSKHQH´'%*2QHDUHDIRU
which the material appears particularly suitable is as an electrode material for supercapacitors. 
Compared with microporous carbon, which has traditionally been used in supercapacitors, 3DBG 
has relatively large pore sizes (typically of the order of a few 10s of nm), which would greatly 
facilitate the penetration of electrolyte ions into the pores. The structure of 3DBG also suggests it 
will have a much higher electrical conductivity than microporous carbon. Three-dimensional 
bilayer graphene also has advantages over three-dimensional graphene materials produced by 
assembling small fragments of graphene using aqueous methods (e.g. refs 20 ±22). In these 
materials the 3D structure is reliant on weak forces such as van der Waals interactions, and they 
WKHUHIRUHODFNPHFKDQLFDOVWUHQJWK7KHJUDSKHQHZDOOVDOVRKDYHDWHQGHQF\WR³FOXPS
WRJHWKHU´GHVWUR\LQJWKHSRURVLW\7KUHH-dimensional bilayer graphene on the other hand is 
largely a continuous material in which the porosity is a result of pentagonal and other non-
hexagonal carbon rings in the graphene structure, and would be expected to have far higher 
stability and superior mechanical properties.  
As well as in supercapacitors, 3DBG may have applications in a range of other areas, 
including lithium ion batteries, hydrogen storage and catalysis. 
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FIGURES  
Figure 1.  (a) Transmission electron micrograph of carbon from fresh graphite rod. (b) 
Region with disordered structure following passage of current. (c) Region with 
more aligned structure following passage of current. 
Figure 2.  High resolution TEM image of transformed carbon showing double edge contrast. 
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Figure 3.  HAADF-STEM images of region of transformed carbon, recorded at tilt angles 
from +60° to -50°. Tilt axis indicated in top left image. Arrows in bottom left 
image indicate two apparently three-dimensional structures. 
Figure 4.  HAADF-STEM images of apparent three-dimensional structure in transformed 
carbon. (a) Cropped HAADF images recorded at tilt angles from -50° to +46°. (b) 
Orthogonal slices through a SIRT reconstruction. (c) Lower magnification 
HAADF image of area from which tilt sequence was acquired. 
Figure 5.  HAADF-STEM images of a flat edge region in transformed carbon. (a) Cropped 
HAADF images at tilt angles from -50° to +66°. (b) Orthogonal slices through a 
SIRT reconstruction. (c) Lower magnification HAADF image of area from which 
tilt sequence was acquired. 
Figure 6.  (a) HAADF-STEM image of region in which nanotube-like structure is joined to a 
ODUJHUUHJLRQEµ,Q-SODQH¶DQGHGJH&-K edges from opposite ends of the region 
indicDWHGLQDVKRZLQJWKHGLVWLQFWGLIIHUHQFHLQUHODWLYHʌSHDNLQWHQVLW\
characteristic of anisotropic carbons. (c) Plot showing a gradual increase in the 
relative C-.HGJHʌSHDNFRQWULEXWLRQZLWKLQFUHDVLQJSUR[LPLW\WRWKHHGJH
from the region of the larger structure indicated in (a). The solid line fit to the data 
points is provided as a guide to the eye.       
Figure 7. (a) HAADF-STEM images of a distorted tube-like structure recorded at a range of 
tilt angles. The axis of rotation is indicated. (b) µ7XEH¶GLDPHWHUDWGLIIHUHQWDQJOHV
measured along the direction indicated in (c) and (d). (e) Plot showing a gradual 
LQFUHDVHLQWKHUHODWLYHFRQWULEXWLRQRIWKHʌSHDNDVWKHLQFLGHQWHOHFWURQEHDP
 14 
approaches the edge of the structure in (a). The solid line is provided as a guide to 
WKHH\HDQGLVFDOFXODWHGE\DVPRRWKLQJRIWKHGLVFUHWHʌSHDNLQWHQVLW\GDWD
points. 
Figure 8.  (a), (b) Schematic illustration showing suggested mechanism for transformation 
of folded graphene sheets into hollow structure, (c) HRTEM image of graphitic 
region edge-on, apparently showing early stages of transformation. 
Figure 9.  Drawings of folded monolayer graphene, showing region where zig-zag edge 
meets armchair edge. For simplicity, only the upper layer is shown in the plan-
view drawing. Arrow indicates position of pentagonal ring. 
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